This protocol describes the procedures for measuring nanometer distances in nucleic acids using a nitroxide probe that can be attached to any nucleotide within a given sequence. Two nitroxides are attached to phosphorothioates that are chemically substituted at specific sites of DNA or RNA. Inter-nitroxide distances are measured using a four-pulse double electron-electron resonance technique, and the measured distances are correlated to the parent structures using a Web-accessible computer program. Four to five days are needed for sample labeling, purification and distance measurement. The procedures described herein provide a method for probing global structures and studying conformational changes of nucleic acids and protein/nucleic acid complexes.
INTRODUCTION
Site-directed spin labeling (SDSL) provides local structural and dynamic information about a macromolecule via electron paramagnetic resonance (EPR) spectroscopy measurements of a stable nitroxide radical attached to the macromolecule in a site-specific manner. SDSL has matured as a tool for studying proteins, especially in systems that are difficult to examine using methods such as X-ray crystallography or NMR spectroscopy 1 . SDSL studies of nucleic acids have also been reported 2 . Two major categories of measurements are used in SDSL: monitoring the rotational motions of a single nitroxide provides site-specific structural and dynamic information and measuring the distances between a pair of nitroxides yields direct structural data. Only inter-nitroxide distance measurements are discussed here.
In SDSL, the distance between a pair of electron spins (i.e., the unpaired electron at the nitroxide) is determined by measuring the strength of the dipole-dipole interaction [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Inter-spin distances between 5 and 20 Å can be measured using continuouswave (cw) EPR [13] [14] [15] , and distances between 20 and 70 Å have been measured using pulse EPR techniques [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . SDSL uses a pair of identical nitroxide probes, which simplifies the labeling procedure. Once the nitroxides are attached to the target molecule, the measurements are not limited by the molecular weight, which makes SDSL useful for studying high molecular weight systems. Nitroxides are generally smaller than other probes (e.g., chromophores), and therefore induce smaller structural perturbation as compared to other larger probes. It should be noted that the unpaired electron is predominantly localized at the nitroxyl group in a nitroxide 26 . This facilitates the interpretation of the measured distances.
This protocol describes a tool-kit that uses SDSL distance measurements for mapping global structures and monitoring conformational changes of nucleic acids and protein/nucleic acid complexes. First, we describe a nitroxide probe, designated R5, that can be efficiently attached to any nucleotide position within a given sequence 27 . Second, we describe the use of a 4-pulse EPR technique, called double electron-electron resonance (DEER) 28 , to measure inter-nitroxide distances ranging from 20 to 70 Å . Finally, we describe an Internet-accessible program, called NASNOX-W 29 , which permits efficient evaluation of inter-R5 distances in nucleic acids. features that facilitate measurements of multiple distance constraints in nucleic acids. Because the labeling scheme takes advantage of a functional group present in all nucleotides, R5 can be attached to any nucleotide position to 'scan' a given sequence. The efficiency of R5 labeling is close to 100%, and the presence of R5 does not severely perturb the conformation of DNA and RNA duplexes 23, 25, 27 . Because the cost of introducing a phosphorothioate, both in time and in money, is much less than other types of modification, R5 labeling is cost-effective as compared with other labeling schemes 15, 19, 24, [30] [31] [32] [33] [34] . R5 is a 'flexible' probe-the nitroxide is attached via three rotatable single bonds in either one of the two phosphorothioate diastereomers that are introduced in a B50/50 ratio during chemical synthesis of nucleic acids ( Fig. 1) 23, 25 . We have measured experimentally inter-R5 distances between 20 and 50 Å in nucleic acid duplexes ranging from 12 to 68 bp 23, 25 . The measured distances can be reproduced theoretically using an efficient computer program (NASNOX) that properly accounts for the phosphorothiate diastereomers and the allowable R5 conformers 23, 25, 29 . In addition, R5 may also serve as a paramagnetic relaxing agent in NMR experiments to provide additional distance constraints. Preliminary studies also indicate that the dynamics of a single-labeled R5 provides information at the nucleotide level (A.P. and P.Z.Q., manuscript in preparation).
Measuring inter-spin distance using four-pulse DEER A number of pulse EPR schemes have been reported 28, [35] [36] [37] [38] [39] [40] [41] , and several have been applied to DNA 19, 23 and RNA 18, 20, 24, 25 . Among them, the 4-pulse DEER experiment has been successfully implemented for measuring distances from 20 to 80 Å in studies of polymers 28, [41] [42] [43] , proteins 21, 22, [44] [45] [46] and nucleic acids 19, [23] [24] [25] . The pulse scheme is shown in Figure 2 (ref. 28) . At the 'observer' frequency (n 1 ), a refocused echo with a fixed position in time is detected for spins in resonance (defined as spin A). Between the second and third n 1 pulses, an inversion pulse is applied at the pump frequency (n 2 ), which flips spins that are in resonance with n 2 (defined as spin B). Dipolar coupling between spin A and B results in modulation of the amplitude of the refocused echo (Fig. 2) , and the modulation frequency is a function of the inter-spin distance.
Computer program for correlating measured inter-R5 distances to the parent structure In a nitroxide, the unpaired electron is predominantly localized at the nitroxyl group 26 , which in most cases is spatially distinct from the site of interest (i.e., the nitroxide attachment point at the macromolecule). We have reported a program, called NASNOX, which predicts inter-R5 distances in a given nucleic acid structure that is either determined experimentally or derived from modeling 23, 25, 29 . NASNOX models R5 at a pair of nucleic acid sites using experimentally determined bond lengths and bond angles 29 . With the nucleic acid coordinates fixed, the program varies torsion angles t1, t2 and t3 (Fig. 1b) in a stepwise fashion and identifies those R5 conformers that have no steric clash between the nitroxide and the parent molecule. Once the allowable conformers are identified, the ensemble of inter-R5 distances is calculated, and the corresponding mean and s.d. of the distances is reported.
For inter-R5 distances 420 Å , the mean distances computed by NASNOX have been shown to agree very well with those measured experimentally 23, 25 and those computed by all atom molecular dynamics simulations 29 . The correlation between the s.d. of the distance distributions is less satisfying 23, 25 , in part due to DNA motion 29 .
The biggest advantage of NASNOX is its speed-each R5 conformer distribution and the corresponding inter-R5 distances can be computed in seconds to minutes on a desktop PC. An Internet-accessible version of NASNOX, called NASNOX-W, is available at http://pzqin.usc.edu/NASNOX/. While the current NASNOX program is developed specifically for R5, the underlying principles should be applicable to other probes.
The following protocol has been used to study DNA and RNA 23, 25, 29 . To facilitate the presentation, a dodecameric DNA duplex (Fig. 3a) is used as an example to illustrate the procedures. This DNA is designated as CS following its PDB id no. 1CS2 (ref. 47) , and spin-labeling studies on this DNA have been reported 23, 29 . . Sodium . HPLC system (Amersham Bioscience) . Bruker ELEXSYS E580 X-band pulse spectrometer (see EQUIPMENT SETUP) REAGENT SETUP Oligonucleotides with site-specific phosphorothioate substitutions By convention, each phosphate 'belongs' to the ribose that is on the 3¢-side of the P atom (Fig. 1b) . For an R5 labeled at the nth nucleotide, the phosphorothioate substitution is located between the (nÀ1)th and nth nucleotides (Fig. 1b) .
For RNA labeling, a corresponding 2¢-deoxyribonucleotide should be incorporated at the (nÀ1)th position (5¢ to the phosphorothioate modification, Fig. 1b ) in order to prevent strand scission upon labeling 25 . Either 1 or 2 nt can be modified to phosphorothioate within an oligonucleotide strand.
We have been using custom-synthesized oligonucleotides from vendors such as Integrated DNA Technology (http://www.idtdna.com/) or Dharmacon (http://www.dharmacon.com/). From these vendors, a synthesis scale of 100 nanomol generally yields 450 nmol of products for oligonucleotides o30 nt in length, which is sufficient for EPR studies (see Step 1) . When ordering the oligonucleotide, one must adhere to the vender's instructions on how to specify the desired location(s) of the internal phosphorothiate modification. One should check with the vendor regarding any additional in-house workup steps required. Generally, oligonucleotides that have undergone the basic postsynthesis deprotection and desalting procedure (e.g., 'standard desalting' at Integrated DNA Technology) can be used for R5 labeling without purifications. However, we recommend checking the quality of the synthesis products using HPLC or gel electrophoresis. The phosphorothioate-modified oligonucleotides can be stored in powder form at -20 1C for 3 months.
Alternatively, one may synthesize the oligonucleotide in-house using the solid-phase phosphoramidite synthesis method 48, 49 . Because solid-phase synthesis proceeds from the 3¢ to 5¢ direction, a modified synthesis cycle is implemented during the addition of the (nÀ1)th nucleotide for a phosphorothioate substitution at the nth nucleotide (Fig. 1b) . In the modified synthesis cycle, the oxidation solution is replaced by a sulfurizing agent (e.g., the Beaucage reagent 50 ), and the oxidation step is carried out before the capping step (to avoid phosphodiester formation). A variety of sulfurizing agents are commercially available (e.g., Glen Research Co., cat. nos. 40-4036-10 and 40-4037-10). The details of the modified cycle depend on the sulfurizing agents used and the brand and model of the synthesizer. Sterile H 2 O In general, nuclease-free water should be used. In our studies, sterile water (conductivity Z17.5 MO-cm) is obtained using an ultra-pure water system from Barnstead International (Nanopure Diamond (UV/UF), model no. D11931). Water is further filtered through a membrane with a pore size of 0.22 mm before use. 3-Iodomethyl-1-oxyl-2,2,5,5-tetramethylpyrroline This is designated as compound 2 (Fig. 1a) . It is commercially available and its synthesis has been reported 51 . However, because compound 2 is light-sensitive and degrades during storage, we recommend that compound 2 be prepared freshly before each labeling reaction from the more stable compound 1 shown in Figure 1a (see Steps 1-6). Filter through a membrane with a pore size of 0.22 mm. ME (10 mM MOPS, 1 mM EDTA) Add 10 ml of 1 M MOPS, pH 6.5 and 10 ml of 0.5 M EDTA to 980 ml of ultra-pure water. Filter through a membrane with a pore size of 0.22 mm. We use an Ä KTA basic HPLC system from Amersham Bioscience (now part of GE Healthcare), which is equipped with a two-module pump (maximal flow rate 10 ml min -1 ) and a UV-Vis detector (wavelength range 190-700 nm).
Bruker ELEXSYS E580 X-band pulse spectrometer with two microwave excitation sources (observation and pump, respectively). The spectrometer is fitted with a 2-mm split-ring resonator and a liquid helium cryostat (CF935, Oxford Instruments) and is setup as it was commercially installed by Bruker.
PROCEDURE
R5 labeling TIMING 1-2 d 1| Dissolve 2.48 mg of compound 1 in 500 ml of acetone and dissolve 15 mg of NaI in 100 ml of acetone to make a 1 M NaI solution. For Steps 1-7, volumes and concentrations are calculated assuming that 18 nanomol of crude oligonucleotide are used as the starting material. Upon completion of labeling and purification (Steps 1-11), generally 45 nanomol (B30% overall yield) of R5-labeled oligonucleotide are obtained. This is sufficient for 3-4 DEER samples, each with 15 ml of 100 mM double-labeled oligonucleotide (see Step 12) .
2| Add 10 ml of the 1 M NaI solution to the compound 1 solution. Mix thoroughly. m CRITICAL STEP This reaction calls for equal-mole of NaI and compound 1. Avoid excess of 410% of either compound. Excess NaI will compete with compound 2 in the subsequent reaction, while excess compound 1 wastes the spin-label reagent.
3| Incubate the reaction mixture at 37 1C for 60 min. As the reaction proceeds successfully, a large amount of white precipitate (NaOSO 2 CH 3 ) can be observed.
4| Separate the soluble compound 2 from the precipitated by-product (NaOSO 2 CH 3 ) via centrifugation. Spin down the precipitate using a bench-top centrifuge (10 min, 18,000g, room temperature (20-25 1C)). Recover the supernatant.
5| Wash the precipitate once with acetone and spin down again as in Step 4. Combine the present supernatant fraction with that from Step 4.
6| Remove the solvent from the supernatant using a SpeedVac to obtain the desired compound 2 as a reddish-brown oil. m CRITICAL STEP Compound 2 is light-sensitive, and one should avoid excessive light exposure by wrapping the tubes with aluminum foil. ' PAUSE POINT The dried compound 2 can be stored in the dark at -20 1C for up to 2 months, although this may result in a reduced labeling efficiency.
7| React compound 2 with oligonucleotide (total reaction volume 100 ml). Dissolve the crude oligonucleotide (see REAGENT SETUP) in H 2 O, determine its concentration using its absorbance at 260 nm and then prepare a 0.5 mM stock of the crude oligonucleotide. Dissolve the product from Step 6 in 20 ml of acetonitrile, then add to this solution 10 ml of 1.0 M MES (pH 5.8), 36 ml of 0.5 mM crude oligonucleotide and 34 ml H 2 O. Incubate the reaction mixture in the dark (wrap with aluminum foil) at room temperature for 12-24 h. Apply constant and gentle mixing during incubation. m CRITICAL STEP Keep the concentration of compound 2 460 mM. We have found empirically that [compound 2] o60 mM generally leads to incomplete nucleic acid labeling. To save compound 2, one can reduce the total reaction volume to as low as 20 ml. m CRITICAL STEP The concentration of DNA or RNA can be scaled up to 1 mM. If a large quantity of labeled sample is needed (e.g., NMR paramagnetic relaxation measurements), multiple 100 ml reactions are advised. m CRITICAL STEP No special adjustments are needed for attaching two labels instead of one in an oligonucleotide strand that contains two phosphorothioates. ' PAUSE POINT The labeling mixture can be stored at -20 1C for up to 1 week, although we recommend purification as soon as possible.
? TROUBLESHOOTING Purification of labeled oligonucleotides TIMING 1-2 d 8| Purify R5-labeled oligonucleotides by anion-exchange HPLC. We use a PA-100 column with buffers A and B specified in the 'REAGENT SETUP' . An example of a gradient used for purifying a 12-nt oligonucleotide is shown in Figure 3b . Samples are detected via absorbance at 260 nm. Generally, a flow rate of 2 ml min -1 is used. Sample fractions (0.5-1 ml each) are collected manually, with the total volume being 1-3 ml. m CRITICAL STEP If multiple peaks of samples are collected, one should first characterize the individual peak using techniques such as mass spectrometry and cw-EPR. Once the identity of the individual peak is confirmed, one can combine the appropriate sample fractions in the following steps. m CRITICAL STEP For certain nucleic acid sequences, the R p and S p phosphorothioate diastereomers may separate during HPLC elution (see Fig. 3 and TROUBLESHOOTING). One can combine the two diastereomers for DEER measurement, or treat each diastereomer independently. m CRITICAL STEP With an adjusted gradient (Fig. 3b) , DNA up to 44-nt in length has been purified using the PA-100 column. Denaturing gel electrophoresis can also be used to purify R5-labeled oligonucleotides (Fig. 3d) and is recommended for longer oligonucleotides.
? TROUBLESHOOTING 9| Desalt the anion-exchange HPLC fractions using a G-25 Sephadex column with water as the running buffer.
10| Lyophilize the desalted sample from Step 9 using a bench-top freeze-dryer.
11|
Resuspend the dried, labeled oligonucleotide in either ME or sterile water (20-50 ml). Determine the sample concentration via absorbance at 260 nm. Note that the absorbance for R5 (e 260 B1,000 M À1 cm À1 ) can generally be ignored, as it is significantly lower than that of the nucleic acids (e 260 B10,000 M À1 cm À1 per nucleotide). We strongly recommend at this point that the products be characterized by matrix-assisted laser desorption/ionization-time of flight mass spectroscopy, gel electrophoresis and cw-EPR.
' PAUSE POINT The lyophilized sample can be stored at -20 1C for up to 3 months.
12| Assemble a double-labeled sample under appropriate conditions. In a typical 'annealing' procedure for the CS DNA, a 100 ml solution containing 20 mM each of the labeled DNA strands was heated to 95 1C for 3 min, then cooled at room temperature for 20 min. The heat-cool cycle was repeated, followed by the addition of a 400 ml solution containing 5 mM NaCl and 2.5 mM Tris (pH 7.5). The mixture was incubated at room temperature for 5 h and then lyophilized. The CS duplex was then resuspended in 20 ml of a glycerol/water (20/80, vol/vol) solution. The final sample mixture contains 100 mM NaCl, 50 mM Tris pH 7.5, 20% (vol/vol) glycerol and 100 mM double-labeled DNA duplexes. m CRITICAL STEP Make sure that the concentration of the double-labeled sample does not exceed 250 mM, as high concentration of spins gives rise to intermolecular spin-spin interactions that interfere with the DEER measurement and data interpretation. Data have been obtained for double-labeled samples with a concentration as low as 60 mM. m CRITICAL STEP Glycerol is included to prevent sample aggregation upon freezing. It also lacks methyl groups and other highly dynamic protons that shorten the nitroxide spin phase memory time 52, 53 .
13| Seal one end of a quartz capillary. Load 15 ml of a 100 mM double-labeled sample (200 mM spin concentration) into the capillary. Drain the sample to the bottom of the capillary by a gentle centrifugation-we generally place the capillary in a 15-ml Falcon tube, put the Falcon tube into a table-top centrifuge and spin for B30 s (B500g, room temperature). ' PAUSE POINT The loaded capillary can be stored at -20 1C for up to 2 months, or the EPR spectrum can be measured immediately.
DEER data acquisition TIMING 1-2 d
14| Sample insertion and resonator and bridge tuning. Set the cryostat to 50 K and allow the temperature to equilibrate for B30 min. Make sure there is no sample in the compartment, but the sample holder is in place before connecting the coolant.
The transfer line and cryostat should be fully evacuated before use to ensure proper cooling. m CRITICAL STEP On a fully functional and calibrated Bruker E580 spectrometer, the DEER experiment setup generally proceeds through three stages: (i) sample insertion and resonator and bridge-tuning (Steps 14-17); (ii) field swept spectrum acquisition (Steps 18-21); and (iii) DEER setup and acquisition (Steps 22-23). One should consult the Bruker manuals 54, 55 , which provide detailed descriptions of these steps as well as tips and safety checks that are important for the handling of the spectrometer. ? TROUBLESHOOTING 15| Turn on the spectrometer in the cw mode and set the microwave power to B20 dB using the control in the Tune window. With the cavity empty, adjust the frequency and critically couple the resonator. The 'dip' should be easy to spot at this point.
? TROUBLESHOOTING 16| Flash-freeze the sample by immersing it in liquid nitrogen. Load it immediately into the cryostat. A slight frequency shift can be observed as the sample enters into the active volume. Keep the cryostat system close to the environment during sample freezing to avoid the formation of ice crystals inside. The cryostat temperature should remain constant to within a few degrees during the loading process. 17| Adjust the frequency with the sample in the cavity. In the cw Tune window, overcouple the resonator until the Q-value is as small as possible (the 'dip' almost disappears). Readjust the frequency if necessary. Turn the cw power off (attenuation is set to 60 dB) and set the spectrometer to operate.
18| Acquire the echo-detected field swept spectrum. Create a new experiment using the New Experiment tab and select the 'DEER' option. This step is required to set up the first DEER measurement every time the spectrometer is turned on. However, it can be omitted in the subsequent measurements.
19| Turn on the pulse traveling wave tube (TWT) amplifier, wait until it is in Standby and then set the spectrometer to pulse mode. Select the 1 kW amplifier if multiple amplifiers are available.
20| Safety Test! Following the Bruker manual 55 , place the magnetic field to an off-resonance position, program a p/2 (+x) -p (+x) -p (+x) pulse sequence, enter Receiver Unit parameters (i.e., video gain, video bandwidth, MW attenuation), set an acquisition trigger, and set up the SpecJet Display window. Check the presence of the defense pulses. Then set the TWT to Operate, slowly increase the microwave power (decrease MW attenuation) and check cavity ringdown.
21| Set the magnetic field (center field) to the expected location of the EPR signal (approximately g ¼ 2 for a nitroxide sample). Find the EPR signal and identify the refocused echo. Adjust the position and length of the integrator to cover the entire echo. Optimize the echo signal by adjusting settings such as video gain, microwave attenuation, signal phase and shot repetition time (SRT). Select a two-step phase cycle. Acquire a field swept spectrum. Adjust the center field so that its value corresponds to the maximum of the spectrum. Re-optimize the refocused echo if necessary. Then acquire and store the optimized field swept spectrum. Table 1 shows an example of parameters for detecting the field swept spectrum in the R5-labeled CS DNA. Adjustments of these parameters are required for different samples.
? TROUBLESHOOTING 22| DEER setup and acquisition. Set up the pump pulse. Open the 4-P DEER tab, select the appropriate pump pulse length [pi (ELDOR)] and set attenuation to 0 dB (maximal power from the pump source). m CRITICAL STEP We have used pi (ELDOR) ¼ 16 ns in our studies ( Table 2 ) 23, 25 . For different spectrometers and different samples (particularly those with weak signals), one should optimize the pump pulse length to achieve the best possible modulation amplitude in the DEER measurement. The Bruker manual 55 describes a number of semi-automatic pump pulse optimization procedures. For example, one can carry out a nutation experiment, in which a pump pulse with a length of 0 ns is placed before an observer Hahn echo sequence. The pump (ELDOR) frequency is set to the same as the observer frequency. With ELDOR attenuation fixed at 0 dB, the pump pulse length is increased to determine the value at which maximal echo inversion is observed. This value is the optimum pump pulse length.
23|
In the 4-P DEER tab, set the field position for observation ('Field Position' in G) to the low field edge of the field swept spectrum (n 1 , Fig. 2 , Table 2 ). Set the position of the pump pulse ('Current ELDOR Freq.', in GHz) to the maximum of the field swept spectrum (n 2 , Fig. 2 , Table 2 ). Enter additional parameters (see Table 2 for an example from the CS DNA study). Start the DEER spectrum acquisition. Collect a few spectra to ensure that the acquisition will proceed correctly, then data average until the desired signal-to-noise ratio is obtained (generally ranging from 5 to 24 h). m CRITICAL STEP For a nitroxide, the pump pulse position is typically B70 MHz lower than the observer microwave frequency. See the Bruker manual for a detailed explanation on selecting and setting the field position and the ELDOR frequency 55 . ' PAUSE POINT Once the DEER data has been collected, it is stored and can be analyzed at any time. manual is provided with the program, and the readers are strongly encouraged to consult it. The description that follows is for treating data in a macroscopically isotropic system.
25|
Prepare the data by optimizing the zero time, phase and cut-off time from the original data panel.
26|
In the 'background model' panel, select the 'homogeneous 3 dimensions' option, then compute the background correction by pressing the 'optimize' button next to 'Backgr' in the original data panel. This generates an exponential decay background due to the spins with randomly distributed inter-spin distances.
27| Specify start and end distances in the 'Distance distribution' panel (generally 2-8 nm).
28| Select the 'Tikhonov reg.' option at the 'Distance analysis' panel, check the 'Compute L curve' option, then click on the 'Fit' button. The fit result is shown in the 'Dipolar evolution' panel (either in the 'Time domain' or in the 'Spectrum' (frequency domain)), and the distribution is shown in the 'Distance distribution' panel. Note that the program also provides options for fitting the data to user-defined P(r) models, and model functions for one or two Gaussian peaks have been implemented. The user should consult the DEERAnalysis2006 manual and relevant literatures [56] [57] [58] to select the appropriate fitting methods.
29| Once a satisfactory fit is obtained, press the 'save' button at the 'Data set' panel. Six files will be saved. The average distance for the selected range of the start/end distances is in the '_res.txt' file. One can also compute the average distance and the s.d. for other selected distance ranges using data from the '_distr.dat' file.
Computation of inter-R5 distances TIMING o1 h 30| Prepare the input PDB structure file. Download structures in PDB format. NASNOX-W accepts PDB structures downloaded from the Protein Data Bank 59 or the Nucleic Acid Database 60 or structures processed through programs such as AMBER8 61 .
Note that input structures with or without protons can both be used. If the structure does not contain protons, NASNOX-W will add these in a standard geometry. m CRITICAL STEP Edit files containing multiple structures (i.e., structures determined by NMR, or files with multiple molecules in one unit cell) into multiple input files, with each input file containing only one structure. m CRITICAL STEP For an RNA structure, the O2* (or O2¢) atom(s) in the (n-1)th nucleotide(s) (Fig. 1b) should be deleted from the PDB file.
31| Access NASNOX-W at http://pzqin.usc.edu/NASNOX/. 32| Upload the input structure in PDB format, which has been processed as described in Step 30 above.
33| Specify the position of the nucleotide with the first R5 label. See Figure 1b regarding the definition of nucleotide number.
34|
To replace the O1P atom with R5, specify '1' at the 'O1P' option, otherwise specify '0' . Repeat at the 'O2P' option for replacing the O2P atom with R5. m CRITICAL STEP The label is added by replacing the O1P (OA, OP1 are acceptable in the PDB file) or O2P (OB, OP2) atom, or both. In our studies, we have found that some PDB files designate the R p non-bridging oxygen as 'O1P' and the S p nonbridging oxygen atom as 'O2P' (e.g., PDB ID 1SDR 25 ), while other files use the reverse designation (R p : 'O2P' and S p : 'O1P'; e.g., PDB ID 1CS2 29 ). The user must examine the PDB structure to determine the nomenclature of desired nonbridging O atoms for R5 attachment. As a guide, the R P diastereomer of a phosphorothioate-substituted R5 has the label oriented into the major groove of a DNA or RNA duplex. m CRITICAL STEP The R P and S P diastereomers can be constructed simultaneously for each labeled position, in which case an ensemble of distances is computed between the racemic mixtures of labels at the two specified positions.
35|
For the t1 torsion angle (Fig. 1b) , specify the 'number of search steps' and the 'starting value' . To invoke the 'fine search' option, specify '1' in the corresponding box, otherwise specify '0' . Repeat these procedures to specify search criteria for torsion angles t2 and t3 (Fig. 1b) . m CRITICAL STEP NASNOX-W constructs the R5 label by setting torsion angle C5¢-O5¢-P-S at the value in the original DNA duplex (with S substituted for O1P or O2P and a P-S bond length of 1.99 Å ) 29 . Torsion angles t1 (O5¢-P-S-C s ), t2 (P-S-C s -C 3 ) and t3 (S-C s -C 3 -C 2 ) (Fig. 1b) are variable based on user input. m CRITICAL STEP The 'number of search steps' is an integer and determines the value of the increment (I ¼ 360/'number of search steps') in the allowable conformer search. 'Number of search steps' up to 12 has been tested successfully. We have typically used values of 3, 3 and 12 for the 'number of search steps' for t1, t2 and t3, respectively 29 , although a smaller value for t3 (3 or 6) is also acceptable. m CRITICAL STEP The 'starting value' can be any integer between 0 and 360, although the chemically preferred values for t1 and t2 are 60 (gauche+), 180 (trans) and 300 (gauche-) 29 .
For t3, a starting value of 0 can be used 29 . m CRITICAL STEP Conformers are accepted if no atoms of the nitroxide label and the DNA come within a contact distance defined as 75% of the sum of the van der Waals radii of any two interacting atoms 23 . If selected, the 'fine search' option is invoked for a conformer that does not meet the appropriate steric criteria 29 . With this option, a fine search over the local conformational space is performed, with t1, t2 and t3 varied systematically as the original torsion angle (T) -0.2*increment (I); T -0.1*I; T; T + 0.1*I; and T + 0.2*I.
36| Repeat Steps 33-35 for the second R5 label.
37| (Optional) In the 'Additional Conformer Search Criteria' (Fig. 4) , set the option to include or exclude hydrophobic contacts in the calculation. The default option is 'No', which excludes such contacts. m CRITICAL STEP NASNOX-W corresponds to NASNOX version 1.1 reported in refs. 25 and 29, which selects allowable R5 conformer based only on the steric consideration. The 'additional search criteria' option is designed for future improvement of NASNOX, which will include additional physical interactions between R5 and nucleic acids in the allowable conformer search. One interaction was revealed in molecular dynamics simulations of R5-labeled DNA, which identified a conformer population that is stabilized by 'hydrophobic contacts' between the spin label and a thymine methyl group 29 . We are currently working on incorporating the 'hydrophobic contact' criterion in NASNOX. To reproduce data from refs. 25 and 29, set this option to 'No' .
38|
Once the parameters for both R5 labels are defined, press the 'submit' button. The progress of the program will be reported on the screen. With the options specified in Figure 4 , the runtime is B25 s. ? TROUBLESHOOTING 39| Retrieve the output files following the links on the screen. Downloading these files to a local computer is usually most effective. The output files include: (i) a text file, 'data.add', which summarizes the input data, reports on the allowable conformers, lists the ensemble of inter-R5 distances and calculates an overall inter-R5 distance for the specified system and (ii) a PDB file, 'data001lig.pdb', with the allowable R5 conformers modeled onto the original structure. This can be viewed using the view 'data001lig.pdb using JMol Applet' option or by downloading the PDB file to a local computer. 
ANTICIPATED RESULTS

R5 labeling
Examples of characterizing R5-labeled oligonucleotides are shown in Figure 3 . Covalent attachment of one R5 group neutralizes one negative charge at the nucleic acid backbone. For DNA/RNA o30 nt in length, R5-labeled oligonucleotides elute earlier than the corresponding unmodified species during anion-exchange HPLC (Fig. 3b) . This can be used to assess the labeling efficiency. The efficiency of R5 labeling (Steps 1-7) is generally 490%.
DEER measurements
The dipolar evolution spectrum should show at least one full period of oscillation (Fig. 2) . One line is written for each conformer. The label number is specified in the order of definition in Steps 33-36. In the example shown in Figure 4 , label 1 ¼ nitroxide 1/O1P, label 2 ¼ nitroxide 1/O2P, label 3 ¼ nitroxide 2/O1P, label 4 ¼ nitroxide 2/O2P. The conformer number specifies the particular set of (t1,t2,t3). With the 'fine search' and 'hydrophobic contact' switched off, the 'search result' is one of two options: 'clash' (the conformer is sterically disallowed) and 'conformer fit' (the conformer is acceptable). Invoking the 'fine search' option 25, 29 leads to a third possibility: a 'modified fit' for conformers that are spatially close to an originally clashing conformer (in this case, the number of acceptable 'fine search' conformers is also written).
NASNOX-W analysis
Interpretation of the calculated inter-R5 distance in the 'data.add' file. The inter-R5 distances are output as follows: One line is written for each pair of label conformers. A label conformer is identified by the label number, the conformer number and the nucleotide attachment in parentheses. Distances are shown for measurements between nitrogen atoms (N-N), between oxygen atoms (O-O) and between the midpoints of the nitroxyl groups (the N-O bond; mNO-mNO) of each R5. For distances measured based on the conformers found using a 'modified fit' with the 'fine search' option, the number(s) of conformers found in the fine search is indicated at the end of the line.
Interpretation of the overall inter-R5 distance in the 'data.add' file. The overall inter-R5 distance for the specified system is output as follows (last lines of the 'data.add' file): Overall N-N, O-O, mNO-mNO distances (defined above) are output, with the s.d. for each. The number of inter-R5 distances in the ensemble is shown in parentheses.
Correlating DEER results with NASNOX outputs Satisfactory correlations between DEER-measured average distances and those predicted by NASNOX have been demonstrated in duplexes of B-form DNA (R 2 ¼ 0.98) 23 and A-form RNA (R 2 ¼ 0.97) 25 .
